A Ab bs st tr ra ac ct t Genomic and proteomic studies have identified hundreds of proteins from mitochondria. A recent study has added a functional twist to these systematic approaches and identified novel mitochondrial modifiers and regulators. The electronic version of this article is the complete one and can be found online at
To carry out these functions, a mitochondrion is composed of hundreds of different proteins, most of which are encoded by genes in the nucleus. To better understand the complexity of mitochondrial functions we need to identify all the mitochondrial components and to unravel the cytoplasmic signaling pathways that regulate the organelle's activities. To these ends, various systematic approaches to mitochondrial protein identification have been undertaken in the past ten years. While most of these studies aimed at producing inventories of mitochondrial proteins, a recent study by Chen et al. [2] has specifically assayed the proteome of the fruit fly Drosophila melanogaster for proteins that are likely to be involved in the energy-generating functions of mitochondria and has identified several novel mitochondrial regulators.
The central role of mitochondria in both life and the death of the eukaryotic cell emerges not only from their biosynthetic functions but also from their crucial role in cellular signaling. In cooperation with the endoplasmic reticulum, mitochondria play an important role in the cellular homeostasis of Ca 2+ [3] . They also have a major role in triggering apoptosis, as several different pro-apoptotic signals are integrated and interpreted at the mitochondrial level. In response to these apoptotic signals, mitochondrial factors -the most prominent being cytochrome c and apoptosis-inducing factor (AIF) -are released to activate downstream signaling proteins and the caspases that execute apoptosis [4] . In the course of these events, dramatic alterations in the mitochondrial network take place. These morphological changes are mediated by the same machineries that control mitochondrial morphology under normal conditions [5] .
To fulfill all these functions, mitochondria have to maintain their unique protein composition, which is dynamic and adapts itself to the requirements of the organelle and the rest of the cell. The vast majority of mitochondrial proteins are encoded in the nucleus and synthesized as precursor proteins on cytosolic ribosomes. They are targeted to the mitochondria and become sorted to the correct submitochondrial destination by an elaborate network of translocases and sorting machineries [6] . Reminiscent of their endosymbiotic descent, mitochondria host their own DNA genome, which encodes only a few components of the respiratory-chain complexes (for example, 8 in Saccharomyces cerevisiae and 13 in human). Many more proteins are involved in the intra-organelle transcription and translation of this limited number of genes. Newly synthesized precursor proteins acquire their native conformation with the help of a dedicated set of mitochondrial chaperones [7] . The organelle also harbors an independent quality-control system and misfolded proteins are degraded by mitochondrial proteases such as the AAA-proteases of the matrix and the intermembrane space and by the Lon-protease in the matrix [8] .
Various systematic approaches for identifying mitochondrial components and associated signaling proteins have been developed. The proteomes of mitochondria from yeast [9] [10] [11] [12] , the filamentous fungus Neurospora crassa [13] , mouse [14] [15] [16] , human cells [17] and plants [18] have been systematically analyzed. Collectively, approximately 700 mitochondrial proteins have been identified in yeast and around 500 in rodent and human cells. Interestingly, plant and human mitochondria were found to harbor kinases and other regulatory proteins that are less abundant in yeast mitochondria. This observation is in accordance with the higher diversity of mitochondria in higher eukaryotes compared with the somewhat limited variability in the unicellular S. cerevisiae. In higher eukaryotes, each cell type may have distinct tasks for mitochondria, which are reflected by differing localizations and morphologies of the organelle in different cells, tissues and organs of the same organism. To address the diversity in the mitochondrial composition among different cell types, Mootha and coworkers [15] analyzed the mitochondrial proteomes from different mouse tissues. Surprisingly, the authors propose that about half of the 'complete' mitochondrial proteome is ubiquitously expressed, whereas the expression of the other half is tissue specific.
S Sc cr re ee en ni in ng g f fo or r p pr ro ot te ei in ns s w wi it th h m mi it to oc ch ho on nd dr ri ia a--r re el la at te ed d f fu un nc ct ti io on n Identifying all proteins localized in or on mitochondria is just one facet of the task. To understand mitochondrial The first functional screens were carried out in S. cerevisiae, in which collections of mutant strains are readily available. As S. cerevisiae is a facultative anaerobe, most mitochondrial functions can be eliminated without loss of viability; on the other hand, when grown on nonfermentable carbon sources, yeast cells depend on functional respiring mitochondria. A phenotypic screen of deletion mutants for around 4,800 nonessential genes used this requirement to search for mitochondria-related proteins [19] . This screen identified 341 proteins that are crucial for respiration and/or for the regulatory circuits controlling it. Using the same collection of mutants, the authors also aimed to identify genes essential for mitochondrial fusion, fission and transport. Assaying each knockout strain for defects in the morphology and/or distribution of mitochondria led to the discovery of new genes involved in mitochondrial morphology and cellular pathways important for mitochondrial behavior [19] . This study provided the first hint that mitochondrial fusion is regulated by proteasome-related protein degradation. A similar approach using strains bearing inducible essential genes showed that vesicle transport, protein import, the proteasome machinery and ergosterol biosynthesis have an influence on mitochondrial shape and distribution [20] .
With the advent of RNA interference (RNAi), systematic downregulation of genes in multicellular eukaryotes such as Caenorhabditis elegans and D. melanogaster became feasible. The recent work of Chen et al. [2] is the first report of a genome-wide screen for genes important for mitochondrial function in a multicellular eukaryote. The authors carried out RNAi using a collection of small interfering RNAs (siRNAs) against the whole genome of D. melanogaster, with an assay of citrate synthase activity as the readout for mitochondrial function. Citrate synthase is located in the mitochondrial matrix and catalyzes the conversion of oxaloacetate and acetyl-CoA to citrate, the first reaction in the TCA cycle. Of the 13,071 genes screened, 152 showed modulation of citrate synthase activity. Obviously, as the activity of only a single enzyme was monitored, this study probably missed many modifiers affecting other mitochondrial activities.
The genes identified [2] are involved in a wide range of pathways and processes. The two largest groups comprise those with functions in transcriptional regulation (22 proteins) and in signaling pathways (17 proteins). Additional biological processes and molecular functions represented were translational regulation, ribosomal proteins, cell-cycle regulation, protein stability and proteolysis, lipid metabolism and defense response. Interestingly, only 17 of the hits were proteins with a clear mitochondrial function, suggesting that most of the modulators of basal mitochondrial function are actually located outside the organelle. The proteins identified in this screen can now serve as a foundation for more intensive work to detect and characterize novel processes and pathways that regulate mitochondrial biogenesis and functions.
In another recent RNAi screen, this time for genes affecting mitochondrial morphology, Ichishita et al. [21] used RNAi to downregulate C. elegans genes encoding mitochondrial proteins. Downregulation of about 80% of the genes identified influenced mitochondrial morphology, indicating that proper mitochondrial function is necessary for the establishment of the mitochondrial network [21] .
M Mi it to oc ch ho on nd dr ri ia a i in n a ag gi in ng g a an nd d d di is se ea as se e
In the past couple of years the central role of mitochondria in cellular aging has become apparent. It is well established that mitochondrial DNA (mtDNA) accumulates mutations with aging, but a causal link between such mutations and the early onset of aging was shown only recently. An impressive example of this is the 'mutator mouse', in which an error-prone mitochondrial DNA polymerase leads to early onset of aging, and which shows a clear correlation between aging and increased mutation rate in the mitochondrial genome [22] .
Defects in mitochondria in human cells often have devastating consequences for the cell and consequently for the whole human body. Many mitochondrial diseases, such as mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS, a cause of dementia), myoclonic epilepsy associated with ragged-red fibers (MERRF) and Leber's hereditary optic neuropathy (LHON), are caused by mutations in mtDNA. These mutations lead in most cases to dysfunction of the complexes involved in oxidative phosphorylation and thus to inefficient cellular respiration, with a resulting wide range of heterogeneous symptoms [23] . Mutations in genes encoding components of mitochondrial import systems (Mohr-Tranebjaerg syndrome) and mitochondrial morphology (dominant optic atrophy, Charcot-MarieTooth neuropathy type 2A, Wolf-Hirschhorn syndrome) also lead to pathological disorders [24, 25] . Furthermore, mitochondria have recently been found to interact with many of the proteins specifically implicated in genetic forms of neurodegenerative diseases such as Parkinson's disease or Alzheimer's disease [26] .
The accumulation of data from different approaches and various organisms is helping us to get closer to a complete inventory of the mitochondrial proteome. However, despite this recent progress, our understanding of how mitochondria adapt their set of proteins to the requirements of the rest of the eukaryotic cell and how such cross-talk is regulated is only partial, and many loose ends have to be connected. Information on the precise suborganellar location of each mitochondrial protein and its individual function is still missing. This knowledge, together with analysis of the regulatory circuits inside and outside mitochondria, will be necessary to understand how this essential organelle plays its pivotal role in the life and death of eukaryotic cells.
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